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We report the temperature and magnetic field dependence of resistivity (ρ) for single-crystalline
EuTi1−xNbxO3 (x=0.10−0.20), an itinerant ferromagnetic system with very low Curie temperature
(TC). The detailed analysis reveals that the charge conduction in EuTi1−xNbxO3 is extremely
sensitive to Nb concentration and dominated by several scattering mechanisms. Well below the TC ,
where the spontaneous magnetization follows the Bloch’s T 3/2 law, ρ exhibits T 2 dependence with
a large coefficient ∼10−8 Ω cm K−2 due to the electron-magnon scattering. Remarkably, all the
studied samples exhibit a unique resistivity minimum at T=Tmin below which ρ shows logarithmic
increment with T (for TC<T<Tmin) due to the Kondo scattering of Nb 4d
1 itinerant electrons by
the localized 4f moments of Eu2+ ions which suppresses strongly with applied magnetic field. In
the paramagnetic state, T 2 and T 3/2 dependence of the resistivity have been observed, suggesting
an unusual crossover from a Fermi-liquid to a non-Fermi-liquid behavior with increasing T . The
observed temperature and magnetic field dependence of resistivity has been analysed using different
theoretical models.
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2The interplay between magnetism and charge conduction in strongly correlated systems leads to several fascinat-
ing physical phenomena [1-3] such as the unusual temperature dependence of resistivity due to non-Fermi-liquid
behavior, Kondo effect, quantum phase transition, complex magnetic excitations, anomalous Hall effect, large
negative magnetoresistance etc. [1-16]. Hence any new correlated itinerant ferromagnet immediately calls for
exploring its magnetic and transport properties. Based on magnetic and transport properties, metallic ferromagnets
can be divided into two broad categories: i) good metallic ferromagnets such as iron, nickel, and cobalt, which
can be described by the Landau Fermi liquid theory [17] and ii) ‘bad metallic’ ferromagnets such as heavy fermion
compounds, transition metal oxides, perovskite manganites, cobaltite, nickelets, etc. [18-29]. For these so-called
bad metals often the Fermi liquid description breaks down due to strong electronic correlation. The celebrated
itinerant-electron ferromagnet SrRuO3 [1, 30] is an widely studied compound that neither can be classified as a
good metallic ferromagnet nor can be compared with 3d transition metal oxides like manganites. Also, the transport
and magnetic properties of a very weak itinerant ferromagnet such as ZrZn2 [31] are quite different from those of
conventional ferromagnetic (FM) metals.
The perovskite titanate family RTiO3 (R=rare-earth ion) with 3d
1 electron configuration is one of the fascinating
transition-metal oxide systems [32-35]. In last two decades, there is a considerable amount of theoretical and
experimental works for understanding the nature of orbital ground state in this family [32-35]. Among the perovskite
titanates, EuTiO3 is unique because unlike other rare-earth ions, Eu is divalent (4f
7) and hence Ti is tetravalent (3d0)
[36-45]. Also, EuTiO3 is an antiferromagnetic (AFM) (TN = 5.5 K) [36-39] band insulator and quantum paraelectric
with simple cubic perovskite structure while other titanates are Mott insulator [32-35]. The introduction of electron
into the Ti 3d orbital via the substitution of Gd3+ or La3+ ion at the Eu2+ sites transforms EuTiO3 into a FM metal
[37,39]. The electrical transport and magnetic properties have been reported for thin films and single crystals of
Eu1−xLaxTiO3 (ELTO) with x up to 0.10 only [37,39]. Except at low temperature, the temperature dependence of
resistivity (ρ) for ELTO with x=0.10 appears to be similar to 10% La-doped SrTiO3. For Sr0.9La0.1TiO3 (SLTO), ρ
decreases smoothly down to very low temperature without showing any anomaly while a sharp drop in ρ is observed
just below the FM transition temperature (TC) in ELTO. Most importantly, ELTO shows a weak upturn in ρ below
∼30 K [37,39]. Another very promising candidate is obtained when electrons are introduced in EuTiO3 by Nb4+
(4d1) ion substitution at the Ti4+ (3d0) site without breaking the magnetic chains of Eu2+ moments. A notable
increase in electrical conductivity is observed in EuTi1−xNbxO3 (ETNO) with the increase in Nb concentration (x)
[42-46]. In contrast to ELTO, the substitution is done at B-site for ETNO and it shows metallic and FM behavior
over a much wider range of Nb doping (0.05<x≤1) [45,46]. Insulator to metal transition in ABO3-type perovskite
materials, through B-site substitution is extremely rare. Normally, B-site substitution creates disordering which
enhances carrier localization effect. In spite of some minor differences, the nature of magnetism and transport
properties in both metallic ELTO and ETNO are similar. Remarkably, ETNO also exhibits an upturn in ρ below 30
K [45]. Though ρ decreases rapidly with decrease in T for both ELTO and ETNO, it is quite unexpected that the
mechanism of charge conduction in these two systems will be same as in SLTO. Due to the presence of large local-
ized moments, there may be strong interaction between the 4d1 itinerant charge carrier and the spin (S=7/2) of Eu2+.
In order to explain the unusual temperature dependence of resistivity and shed some light on charge conduction
mechanism in EuTi1−xNbxO3, we report a comprehensive study of transport properties on high quality single-
crystalline samples with x=0.10, 0.15 and 0.20. To the best of our knowledge, the detailed analysis of temperature
and magnetic field dependence of resistivity for EuTi1−xNbxO3 or Eu1−xLaxTiO3 has not been done so far. The
observed results are compared and contrasted with different classes of FM metals mentioned above. We have also
compared the present results with the reported behavior of ρ(T ) curve for Eu1−xLaxTiO3 to know whether the
charge conduction mechanism is same for both the systems. Indeed, our detailed analysis of temperature dependence
of resistivity unveils the presence of several unusual scattering mechanisms. With increasing T , charge scattering
mechanism crosses over from electron-magnon to spin-disordering to Kondo to electron-electron to an unusual T 3/2
dependence of resistivity due to non-Fermi liquid behavior.
Results
Magnetization. Nb doping destabilises the antiferromagnetic state in EuTiO3 and the system becomes FM
above a critical doping xc∼0.05. Several theoretical studies also reveal an intricate balance between AFM and FM
interactions in EuTiO3 [36,38]. TC is observed to increase sharply with x, becomes maximum at around 0.15 and
then decreases slowly with further increase of x. TC determined from the low-field magnetization data are 8, 9.5 and
6 K for x=0.10, 0.15 and 0.20, respectively [see Supplementary Figure 2]. The value of saturation magnetization
at 2 K and 9 T is very close to the expected moment 7 µB/Eu. The observed behavior of magnetization is
qualitatively similar to ELTO, though the maximum TC is 1.5 K higher in ETNO [39]. For all the studied ETNO
compounds (x=0.10−0.20), the temperature dependence of specific heat exhibits a distinct λ-like anomaly at
paramagnetic (PM) to FM transition [see Supplementary Figure 3]. We have not observed any anomaly other than
that at TC either in magnetization or in heat capacity data. This suggests that unlike polycrystalline samples [45],
the studied crystals are chemically homogeneous and AFM and FM phases do not coexist in the studied com-
position range. In the PM state, susceptibility obeys the Curie-Weiss law with effective moment, Peff=7.9 µB/Eu [43].
3Figure 1: Magnetization for the EuTi0.85Nb0.15O3 single crystal. (a) Temperature dependence of the spontaneous
magnetization MS(T ) normalized by that at T=0 K. The solid and dashed lines are guide to the eye. (b) T
3/2 dependence of
the spontaneous magnetization below TC where the solid red line is the linear fit due to the Bloch’s T
3/2 law.
For understanding the correlation between transport and magnetism, the magnetic excitation spectrum has been
investigated below TC . The magnetic excitation is studied by estimating the spontaneous magnetization at different
temperatures from the field and temperature dependence of magnetization measured up to 9 T magnetic field. Figure
1(a) shows the temperature dependence of the spontaneous magnetization for the x=0.15 sample as a representative.
Well below the transition temperature, where the critical fluctuation is absent, the temperature variation of the
spontaneous magnetization can be explained by the Bloch’s T 3/2 law [47],
[MS(0)−MS(T )]/MS(0) = DT 3/2, (1)
where MS(0) and MS(T ) are the spontaneous magnetization at T=0 and at a finite T , respectively and D is the
spin-wave parameter. In case of simple pseudo-cubic lattice, the coefficient D is determined by the following relation
D = (0.0587/S)(kB/2JS)
1.5, (2)
where S is the total spin of Eu2+, kB is the Boltzmann constant and J is the exchange coupling between two
neighboring Eu2+ moments. Figure 1(b) shows that the spontaneous magnetization at low temperature obeys the
Bloch’s T 3/2 law. From the slope of the linear fit to the data, we obtain the value of D as 5×10−3 K−3/2. Using the
value of S=7/2 for Eu2+ spin, from Eq.(2) the strength of exchange interaction is estimated to be 0.3 kB. In this
context, we would like to mention that the above value of J estimated from the Bloch’s T 3/2 law is comparable to
that predicted by the molecular field theory [47], J=3kBTC/2ZS(S + 1)=0.15 kB, where Z is the number of nearest
neighbor spins. For a simple cubic perovskite structure, Z=6.
Resistivity. Figure 2(a) depicts the temperature dependence of ρ at zero-field for the EuTi1−xNbxO3 single
crystals. Over the entire temperature range, ρ exhibits metallic behavior (dρ/dT >0), except in a narrow region
just above TC , where a weak increase in ρ has been observed with decreasing T for all the three samples. ρ drops
sharply just below TC due to the suppression of spin-disorder scattering. In the FM state, ρ decreases at a much
faster rate with decreasing T as compared to that in PM state. Though the qualitative nature of ρ(T ) curve is
similar to earlier report on polycrystalline samples, for a given Nb content, the absolute value of ρ is smaller and
the residual resistivity ratio ρ(300 K)/ρ(2 K) is much larger in single crystals. For example, the values ρ(2 K) and
ρ(300 K)/ρ(2 K) are 150 µΩ cm and 1.5 respectively for polycrystalline sample [45] while the corresponding values
are 12 µΩ cm and 8 for the single crystal, with x=0.20. At low temperature, the large value of ρ in polycrystalline
samples is due to the strong grain boundary scattering.
From figure 2(a), it is clear that the metallic behavior of ρ in the PM state cannot be fitted with a single
power-law expression over the entire temperature range, because before ρ starts to increase, a strong upward
curvature develops at low temperature. To explain the intricate nature of temperature dependence of ρ, the role of
different scattering mechanisms on charge conduction has been analyzed in details. In the PM state, ρ exhibits a
quadratic T dependence, ρ=ρa0 + aT
2, in a narrow range above the resistivity minimum followed by a crossover to
ρ=ρb0 + bT
3/2 dependence over a wider temperature range and up to T as high as 280 K. The observed behavior
of ρ is demonstrated in Figures 2(b) and 2(c) for x=0.15 as a representative. The deduced values of a and b in two
4Figure 2: Resistivity. (a) Temperature dependence of zero-field resistivity for the EuTi1−xNbxO3 (x=0.10, 0.15, and 0.20)
single crystals. The right handed axis and bottom axis scale for the x=0.10 compound (the black dots) whereas the left
handed axis and bottom axis scale for the other two compounds x=0.15 (the blue dots), x=0.20 (the red dots). For all the
three curves, the PM-FM transition is reflected in resistivity. (b) T 2 dependence of resistivity in the paramagnetic region 80
K < T < 135 K for the x=0.15 crystal. (c) T 3/2 variation of resistivity for the x=0.15 crystal in the temperature range of 161
K < T < 280 K. (d) T 2 fitting to the resistivity at very low temperature in the FM region below 4 K for the x=0.15 crystal.
different temperature ranges in the PM state are presented in Table I for all the three samples [see Supplementary
Figures 4 & 5]. The T 2 behavior of ρ is an indication of electronic correlation, consistent with the formation of
Fermi-liquid state. The coefficient a is a measure of the quasiparticle-quasiparticle scattering rate. As expected, a
decreases rapidly with the increase in carrier doping. Often, metallic oxides are termed as ’bad metals’ due to their
strong electron-electron interaction. The deduced value of a for x=0.20 is about an order of magnitude smaller than
that for the well known itinerant FM SrRuO3 but two orders of magnitude larger than that for the elemental FMs
such as Fe, Co, Ni [28].
It is noteworthy that ρ in several FM perovskites shows T 2 dependence. However, the T 2 dependence in these
systems has been observed well below the TC. ρ also exhibits T
2 dependence well below TC for ETNO, as shown in
Figure 2(d) for x=0.15. Contrary to the observed T 2 behavior of ρ in the PM state, T 2 behavior in the FM state
results in unusually large value of the coefficient a, estimated to be about two orders of magnitude larger than that
in PM state. Such a huge difference in the values of a in PM and FM states indicates that the T 2 dependence of ρ
in the FM state is due to the dominant magnetic scattering over the electron-electron scattering. In ferromagnets,
ρ shows T 2 dependence at low temperature due to the electron-magnon scattering. As both electron-electron and
electron-magnon scattering occur at low temperature, it is very difficult to separate their relative contributions in
resistivity for FM materials with high Curie temperature. Even in elemental FM, where the electronic correlation is
believed to be very weak, the origin of T 2 behavior of ρ at low temperature is not yet settled [48]. Due to the much
lower PM to FM transition temperature of the studied system, we have been able to detect both the scattering in
two different temperature regions.
At high temperature, resistivity shows marked departure from the usual temperature dependence of a conventional
metal. Normally, resistivity of a metal shows linear T dependence at high temperatures due to the electron-phonon
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TABLE I: Estimated values of the resistivity coefficient a in units of µΩ cm/K2 in the FM (T < TC) and PM (T > TC) states
and the resistivity coefficient b in units of µΩ cm/K3/2 in the PM state (T > TC) for EuTi1−xNbxO3 single crystals with
x=0.10, 0.15, and 0.20. For x=0.20, the accurate determination of the parameter a below TC is not possible due to its low
transition temperature.
x a (T < TC) Range of T a (T > TC) Range of T b (T > TC) Range of T
0.10 26.9(1)×10−2 T<2.9 K 6.0(1)×10−3 73< T <120 K 8.4(1)×10−2 175< T <260 K
0.15 5.5(5)×10−2 T <4 K 1.4(1)×10−3 80< T <135 K 2.0(1)×10−2 161< T <280 K
0.20 1.1(1)×10−3 85< T <130 K 1.7(1)×10−2 150< T <233 K
Figure 3: Kondo-scattering in resistivity. A broad minimum in resistivity in the paramagnetic region is observed near 30
K and 20 K for the compounds x=0.10 and x=0.15 respectively. (a) and (b) show the log(T ) dependence of the resistivity in
the temperature window TC < T < Tmin at different magnetic fields for the x=0.10 and x=0.15 compounds, respectively due
to the Kondo scattering. It is clear that resistivity suppresses and log(T ) range shrinks progressively with increasing magnetic
field for both x=0.10 and 0.15.
scattering. However, unconventional T 3/2 behavior of ρ has been observed in some magnetic systems. For a
three-dimensional AFM system, T 3/2 dependence of resistivity is expected to occur in the vicinity of the AFM
transition due to the spin fluctuations. In systems like Pd-based dilute alloys such PdFe, PdMn (with few % of
Fe or Mn), the observed T 3/2 dependence of ρ well below the AFM/FM transition temperature is attributed to
the incoherent part of the electron-magnon scattering [49]. Thus, T 3/2 behavior of ρ well above the FM transition
for the present ETNO system can not be interpreted in terms of incoherent electron-magnon scattering. The
transport properties of undoped rare-earth nickelets RNiO3, another strongly correlated system with single valance
Ni3+, are of great interest in recent time [22,23,50]. In both single crystals and thin films, ρ exhibits very unusual
T dependence. ρ follows Tn (with n=1.33 and 1.6) behavior in single crystals of PrNiO3 under high pressure
whereas in ultrathin epitaxial film of NdNiO3, ρ is extremely sensitive to lattice strain and for highly compressive
strained-films, ρ shows T 5/3 dependence [22,23]. However, in La-doped NdNiO3, ρ shows T
3/2 behavior [50]. T 3/2
dependence of ρ under high pressure has also been observed in the well known skyrmion lattice MnSi [25,26]. The
strong deviation from T 2 dependence of ρ in these systems has been attributed to the non-Fermi liquid state.
T 3/2 behavior of ρ has also been reported in single crystal and thin films of itinerant ferromagnet SrRuO3 [28,51].
In SrRuO3, ρ exhibits T
2 dependence well below TC (∼160 K) and a crossover to T 3/2 dependence occurs with
increasing temperature. Similar to ETNO, T 3/2 behavior is observed over a wide temperature range. This crossover
from T 2 to T 3/2 dependence of ρ in SrRuO3 has been attributed to the non-Fermi liquid transition [51]. The values
of the coefficient b deduced from the ρ vs T 3/2 plot are comparable to that reported for the SrRuO3 thin film [51]. In
SrRuO3, the T
3/2 dependence in ρ has been observed in the temperature range 50−120 K, but the temperature that
corresponds to the characteristic magnon energy (kBTm) was estimated to be Tm=70 K. Therefore, for the SrRuO3
compound, the electron-magnon scattering alone can not describe the T 3/2 behavior and has been attributed to the
scattering of itinerant electrons by fluctuation-induced localized electrons. The value of resistivity exponent n is
very sensitive to the underlying critical phenomena giving rise to the critical fluctuations associated with non-Fermi
liquid behavior. The widely observed critical exponent 3/2 indicates finite wavevector fluctuations [22].
We have already mentioned that ρ(T ) curve for all three compositions displays a broad minimum at Tmin in the
PM state [Figure 2(a)] and in the temperature window TC< T< Tmin, ρ(T ) is observed to show log(T ) dependence as
6shown in Figures 3(a) and 3(b). The effect of magnetic field on the log(T ) dependence of ρ has also been investigated
and shown in Figures 3(a) and 3(b) for x=0.10 and 0.15, respectively. For x=0.20, the increase of ρ below Tmin is
very small and as a result, the fit is insensitive. Figures 3(a) and 3(b) show that with the increase in magnetic field,
ρ decreases rapidly, the minimum shifts toward lower temperature and the temperature range of log(T ) behavior
shrinks progressively. This clearly indicates that the upturns in the resistivity below Tmin involve the presence of a
Kondo-type scattering of the itinerant electrons with the localized 4f spins of the Eu2+ ions. It has been suggested
that the ferromagnetism in the ELTO and ETNO systems is mediated by the Ruderman-Kittle-Kasuya-Yosida
(RKKY) exchange interaction between the itinerant d electrons of Ti or Nb and the localized 4f moments of Eu2+
[37,39,45]. The oscillatory nature of the RKKY interaction which depends on the spatial distance between the
localized moments and the Fermi wave vector of the itinerant electrons is believed to be responsible for the decrease
of TC for the x=0.20 compound. The competition of the intersite RKKY exchange interaction and the Kondo effect
should result in the formation of either the usual magnetic ordering with large atomic magnetic moments viz.,
in elemental rare-earth metals or the non-magnetic Kondo state with suppressed magnetic moments [52,53]. The
dominant RKKY-type FM exchange below TC stabilizes the usual magnetic ordering with full moment per Eu
2+
ions in the ETNO system. The low temperatures and high fields favor the FM phase and prevent the formation of
Kondo singlets, thereby the temperature range of log(T ) behavior shrinks as the FM phase intrudes into the high-T
phase with increasing magnetic field. Therefore, the observed log(T ) dependence of ρ in the present ETNO system
mimics the behavior of FM Kondo lattice which is relatively less numerous and exhibits rather complicated physical
pictures [52,53]. In this context, we would also like to mention that few Eu-based compounds show Kondo effect
but they order antiferromagnetically [54,55].
Magnetoresistance. In order to investigate the effect of the FM ordering of Eu2+ moments on charge scattering,
we have measured the temperature dependence of the resistivity for different applied magnetic fields H up to 9 T
in the vicinity of and well above TC as shown in Figure 4(a) for the x=0.15 compound as a representative. The
sharp anomaly in the zero-field resistivity at the FM transition temperature progressively weakens with increasing
magnetic field and disappears above a critical field. As a result ρ shows metallic behavior over the entire range
of T at high fields. This shows that the conduction of itinerant electrons is strongly coupled with localized Eu2+
spins and can be controlled by aligning the localized spins with magnetic field, and such a process gives rise to
large negative magnetoresistance. Figure 4(b) shows the temperature dependence of magnetoresistance (MR),
∆ρ/ρ=[(ρ(H)− ρ(0))/ρ(0)] where ρ(H) is the resistivity at a field H, for EuTi0.85Nb0.15O3. Except in the vicinity
of TC, ∆ρ/ρ is small and decreases rapidly on the both sides of the peak. The maximum value of ∆ρ/ρ at 9 T is
estimated to be about 21 %.
The field dependence of the magnetoresistance ∆ρ/ρ up to 9 T at different temperatures is shown in Figure 4(c).
For clarity only a few representative plots are given. At low temperatures, well below the FM transition, MR is small.
The value of MR increases slowly as the temperature increases, becomes maximum at around the FM transition and
then decreases with further increase of temperature. MR in the FM state exhibits a typical Brillouin-like curvature
with magnetic field. These behavior suggest strong correlation between transport properties and magnetic order
parameter as observed in the case of manganites and other FM metals.
The origin of MR in the PM state well above the TC can be understood from the relation of MR with the field
induced isothermal magnetization M(H) as observed in several perovskite FMs, i.e.,
MR = [ρ(H)− ρ(0)]/ρ(0) = −C[M(H)/Mmax]2, (3)
where C is a constant coefficient and Mmax is the magnetization at the lowest temperature in the presence of
magnetic field H [1]. Therefore, MR ∝ M2. This relation comes into play as the carriers get scattered by the
thermally fluctuating spins. As the magnetization increases, the fluctuation of spins decreases leading to a decrease
in ρ(H), i.e., MR is negative. Temperature dependence of MR is plotted in a wide range below and above TC
which shows a peak near TC. From Eq.(3) and M=χH relation, it can be shown that MR=−βH2. According
to the Curie-Weiss law of paramagnetism, χ is proportional to 1/(T − TC) in the PM region well above TC.
Therefore, β ∝ 1/(T − TC)2. Here, the H2 dependence of negative magnetoresistance holds only at low fields but
this dependence deviates at higher fields which can be seen in Figure 4(d). This deviation occurs mainly due to the
non-linear dependence of magnetization on H near TC. β versus T and β
−1 versus (T − TC)2 have been plotted in
Figure 4(e) and Figure 4(f), respectively. The linear fitting of β−1 indicates that magnetoresistance originates from
the local spin fluctuations.
Discussion
When Eu2+ is replaced by La3+ or R3+, electrons are introduced in the three-fold degenerate 3d t2g orbitals of Ti
which leads to the mixed valence Ti3+ and Ti4+ state in the system and the metallic conductivity arises due to the
hopping of electrons from 3d1 to 3d0. This phenomenon is very similar to the evolution of charge conduction with
increase of La doping in SrTiO3 and several divalent doped metallic perovskites. In this context, we would like to
7Figure 4: Magnetoresistance for the EuTi0.85Nb0.15O3 crystal. (a) Temperature dependence of the resistivity for
different applied magnetic fields. (b) Magnetoresistance (MR) determined from figure (a) is plotted as a function temperature.
(c) The field dependence of the magnetoresistance ∆ρ/ρ up to 9 T. (d) H2 dependence of the MR well above the TC at low-
magnetic fields, where the solid black lines correspond to linear fit. (e) β versus T plot. (f) Linear fitting of β−1 versus
(T − TC)2 in the paramagnetic region well above TC.
mention that ρ for Sr1−xLaxTiO3 shows T 2 dependence due to electronic correlation over a wide range of doping
(x) and temperature up to 300 K. In ABO3 perovskites, A site acts as a charge reserver. When the substitution
is made at A site by some heterovalent element, either hole or electron is transferred from A to transition metal
ion at B site and the system becomes metallic above a critical doping level. On the other hand, insulator to metal
transition through B-site substitution is very rare because substitution at this site creates disordering which favors
localization effect. Thus the insulator to metal transition due to the substitution of a very small amount of Nb
(∼5%) at Ti site in ETNO is an unusual phenomenon. The occurrence of metallic conductivity with such a small
amount Nb doping means charge conduction is not due to the percolation through Nb but also between Nb and Ti
ions. The unpaired 4d1 electron of Nb hops to empty 3d0 orbital of Ti and as a result, 4d state of Nb4+ strongly
hybridizes with 3d of Ti4+. This also suggests that the two energy levels, 3d of Ti and 4d of Nb, are close to each
other. At higher doping level x close to 1, Nb is surrounded by other Nb ions, and in such case conductivity is
dominated by the hopping of electrons between isovalent Nb ions and makes EuNbO3 metallic. Unlike EuNbO3, the
end members of EuTiO3 are Mott insulators when substitution is done at Eu site with other rare earth ion.
In summary, we report a comprehensive study of the transport properties in single-crystalline EuTi1−xNbxO3
itinerant ferromagnets. The observed T 2 temperature dependence of the resistivity in the FM state is found to
be due to the dominant electron-magnon scattering unlike that observed in the PM state which is due to the
electron-electron scattering. Also, a crossover from a T 2 to T 3/2 temperature dependence of the resistivity has been
observed in the PM state, suggesting a non-Fermi liquid behavior. Furthermore, the scattering of the itinerant
electrons by the large localized moments of the Eu2+ ions results in a Kondo-like upturn in the resistivity just before
the system enters into the FM ordered state. The presence of several scattering mechanisms and the non-Fermi
liquid behavior make ETNO a unique ferromagnetic metallic system.
Methods
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Polycrystalline EuTi1−xNbxO3 (x=0.10−0.20) powder samples were prepared by the standard solid-state reaction method. Stoichiometric
mixtures of Eu2O3 (pre-heated), Nb2O5 and TiO2 were heated at 1000−1100 0C for few days in a reduced atmosphere containing 5% H2 and 95%
argon followed by intermediate grindings. The obtained powder was pressed into two cylindrical rods which are then sintered at 1100 0C in the
same environment. The single crystal was grown from these rods by floating-zone technique using four-mirror image furnace (Crystal Systems)
in the reduced atmosphere. The typical growth rate was 5 mm/h. The x-ray diffraction pattern of the powdered single crystal reveals that the
compound is of single phase [see Supplementary Figure 1]. Temperature and field dependence of the electrical resistivity was measured by a
standard four-probe technique where electrical contacts were made using conducting silver paste. The field dependence of the dc magnetization
were performed using both physical property measurement system and SQUID-VSM (Quantum Design).
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X-ray Characterization technique
The phase purity of EuTi1−xNbxO3 (x=0.10−0.20) was checked by powder X-ray diffraction (XRD) method with Cu Kα radiation at room
temperature in a high-resolution Rigaku TTRAX II diffractometer. No trace of impurity phase has been detected within the resolution (∼ 2%)
of XRD which is shown in Figure 1. It confirms the single phase nature of these samples. The structural analysis of powdered single crystal has
been done with the Rietveld refinement method. All the peaks in XRD were well fitted to cubic structure of space group pm3¯m and the observed
lattice parameters are quite comparable with the previously reported [1] values for EuTi1−xNbxO3.
Magnetization
The temperature dependence of dc susceptibility was measured for all the studied ETNO compounds (x=0.10−0.20) at magnetic field 50 Oe
which is shown in Figure 2. It is clear from the figure that these samples undergo paramagnetic to ferromagnetic transition at Curie temperatures
TC= 8, 9.5 and 6 K for x=0.10, 0.15 and 0.20 respectively.
Heat Capacity
The heat capacity measurement was carried out by conventional thermal relaxation technique using physical property measurement system
(Quantum Design) [2]. The temperature dependence of heat capacity is shown for all the studied compounds of ETNO in Figure 3. Each of the
three compounds show λ-like peak just near TC which indicates that the paramagnetic to ferromagnetic phase transition is continuous in nature.
No other anomaly coming from the impurity has been observed in heat capacity.
Temperature dependence of resistivity for EuTi1−xNbxO3 (x=0.10, 0.20)
The thermal variation of resistivity of the ETNO compounds x = 0.10 and x = 0.20 is shown in Figures 4 and 5 respectively. Similar to
EuTi0.85Nb0.15O3, the resistivity for both of the compounds obeys different power law of temperature for different temperature regimes. They
also exhibit T 2 and T 3/2 behaviour in the paramagnetic region above TC. But due to having lower magnetic transition temperature we are
unable to fit the resistivity of the x = 0.20 compound with T 2 over a reasonable interval of T below TC for the accurate determination of the
parameter a. Also, as compared to x=0.10 and 0.15 compositions, the Kondo-like behaviour is very weak for this compound. Therefore as the
doping concentration increases the usual magnetic ordering due to RKKY interaction becomes dominating over the non-magnetic Kondo-singlet
formation.
Supplementary References
1. Li, L., Zhou, H., Yan, J., Mandrus, D. & Keppens, V. Research Update: Magnetic phase diagram of EuTi1−xBxO3 (B= Zr, Nb), APL
Materials 2, 110701 (2014).
2. Quantum Design. Physical Properties Measurement Systems, Heat Capacity Option users Manual, 1085-150, Rev. M6 (USA, 2015).
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Supplementary Figure 5: X-ray powder diffraction pattern for EuTi1−xNbxO3 (x=0.10−0.20) at room tem-
perature. The black solid line corresponds to the Rietveld refinements of the diffraction pattern.
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Supplementary Figure 6: Thermal variation of dc susceptibility of EuTi1−xNbxO3 (x=0.10−0.20) at 50 Oe
magnetic field
Supplementary Figure 7: Thermal variation of heat capacity for EuTi1−xNbxO3 (x=0.10−0.20)
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Supplementary Figure 8: (a) Temperature dependence of the resistivity of the EuTi1−xNbxO3 (x=0.10)
compound over the whole temperature range. (b) T 2 dependence of resistivity in the in the paramagnetic
region in the temperature range between 73 K to 120 K. (c) T 3/2 variation of resistivity in the temperature
range of 175 K < T < 260 K above TC and (d) T
2 fitting into the resistivity at very low temperature in the
FM region below 2.9 K.
Supplementary Figure 9: (a) Temperature dependence of the resistivity of the EuTi1−xNbxO3 (x=0.20)
compound over the whole temperature range. (b) T 2 dependence of resistivity in the temperature range of
85 K < T < 130 K above TC. (c) T
3/2 variation of resistivity in the temperature range of 150 K < T < 233 K
above TC
